OBJECTIVE -To evaluate the effect of combination therapy with pioglitazone and glucagon-like peptide (GLP)-1 in patients with type 2 diabetes.
G
lucagon-like peptide (GLP)-1 is an intestinally produced peptide hormone (1) that stimulates insulin secretion (2), inhibits glucagon secretion (2), reduces plasma glucose levels in patients with type 2 diabetes (2), and has, therefore, been proposed as a new antidiabetic agent. In short-term studies, continuous subcutaneous infusion of GLP-1 reduces plasma glucose levels by 2-3 mmol/l (3), whereas in longer-term studies (6 weeks), fasting plasma glucose levels are reduced by 4 -5 mmol/l and HbA 1c by 1.3% (4) . Furthermore, GLP-1 stimulates proinsulin gene expression and proinsulin biosynthesis (5) , and in animal studies GLP-1 receptor agonists stimulate ␤-cell neogenesis and proliferation (6) . Thus, theoretically, long-term treatment with GLP-1 may protect against the deterioration of ␤-cell function, which inevitably occurs as a part of the natural history of the disease (7) . Several studies have shown that GLP-1 inhibits appetite and reduces food intake in humans (8, 9) ; therefore, treatment with GLP-1 may inhibit weight gain or even result in weight loss (4) . The peroxisome proliferator-activated receptor-␥ agonists, the thiazolidinediones, have been shown to reduce fasting plasma glucose levels by 3-4 mmol/l (10, 11) and HbA 1c by 1-2% (10) when administered to patients with type 2 diabetes. Thiazolidinediones enhance insulin sensitivity in skeletal muscles (12) and in peripheral adipocytes.
Since type 2 diabetes is a progressive disease, a combination of therapies may be required to bring about acceptable glycemic control (13) . Thus, to judge the clinical value of a new agent, it is important to examine the possibility of combining it with other agents.
GLP-1 and the thiazolidinediones have differential mechanisms of action, and combination treatment with both of them might, therefore, result in additive glucose-lowering effects. The purpose of the present study was to assess the effect of GLP-1, administered in combination with the thiazolidinedione, pioglitazone, on glucose, insulin, glucagon, free fatty acids (FFAs), and appetite regulation in patients with type 2 diabetes.
RESEARCH DESIGN AND METHODS -Four men and four women with type 2 diabetes diagnosed after the age of 40 years participated. Mean age was 62 years (range 51-71), BMI was 32.7 Ϯ 1.3 kg/m 2 , and HbA 1c was 9.7 Ϯ 0.5%. All patients had normal Hgb and serum creatinine. One patient received combination therapy with metformin and a sulfonylurea. All other patients were treated with either metformin or sulfonylureas.
This study had a crossover design. Each patient received four different treatment regimens in random order: saline therapy, monotherapy with GLP-1, monotherapy with pioglitazone, and combination treatment with GLP-1 and
pioglitazone. The observation period was 48 h; thus each patient was admitted to the hospital for 48 h four times. The order of treatment regimens was blinded to the patients. Due to the extended period required to obtain maximal effect with thiazolidinediones, treatment with pioglitazone was started (30-mg tablet once daily [Actos]) 12 weeks in advance of the time when the effect of pioglitazone was to be examined. Thus, the randomization procedure was built up of two blocks as shown in Fig. 1 .
During hospital admittance, the patients were equipped with a portable insulin pump (MiniMed 506) for continuous subcutaneous infusion of GLP-1 or saline. The infusion rate was 4.8 pmol ⅐ kg Ϫ1 ⅐ min Ϫ1 . The injection site, in the periumbilical region, was changed twice daily, and the syringe was refilled twice daily. Pioglitazone was given as a 30-mg tablet once daily (Actos). Meals were served three times daily, at 8:00 A.M., 12:00 P.M., and 5:30 P.M. Each patient received the same amount and composition of food on all days. Noncaloric beverages were allowed at all times. The patients rated sensation of hunger, satiety, fullness, prospective food consumption, nausea, and well-being on 100-mm visual analog scales before and 2 h after each meal. Blood samples for glucose, insulin, C-peptide, glucagon, GLP-1, and FFAs were drawn on the second day as a 16-point measurement from 8:00 A.M. to 5:00 P.M. Additionally, blood glucose was measured at 5:30 and 7:00 P.M., at 1:00 A.M., and at 7:00 A.M. on the next morning.
Blood was distributed into sodium fluoride tubes for plasma glucose, into EDTA tubes for GLP-1 and glucagon, and into heparin tubes for insulin and Cpeptide determinations.
Trasylol (500 KIU/ml blood; Bayer, Leberkusen, Germany) and valine pyrrolidide (10 mol/l blood, a gift from Richard D. Carr; Novo Nordisk, Bagsvaerd, Denmark) were added to the EDTA tubes, and Trasylol was added to the heparin tubes. The tubes were immediately chilled in ice and centrifuged at 4°C for 20 min. Plasma for insulin and C-peptide analyses were stored at Ϫ80°C. Plasma for glucagon and GLP-1 analyses were stored at Ϫ20°C.
GLP-1 (7-36 amide) was produced by custom synthesis by Polypeptides (Leverkusen, Germany). The correctness of structure and the purity of the peptide (Ͼ98%) were ascertained by highperformance liquid chromatography, mass spectrometry, and sequence analysis. The peptide was dissolved in sodium phosphate buffer (300 mosmol/l, pH 7.4) to a final concentration of 400 g/ml. The solution was subjected to sterile filtration, dispensed into glass ampoules, and stored frozen under sterile conditions until use.
Analyses
Plasma glucose concentrations were analyzed using a Beckman Analyzer (Beckman Instruments, Fullerton, CA). The coefficient of variation is 2% for intraserial analysis and 4% for interserial analysis. At night, analysis was carried out on full blood using a Hemocue analyzer (Hemocue, Angelholm, Sweden). Blood glucose concentrations were converted to plasma glucose concentrations by multiplication with 1.11 (14) .
Glucagon was measured by radioim- 
. In block 2, the patients were outpatients for 12 weeks, receiving treatment with pioglitazone (30 mg Actos, once daily). Thus the patients received treatment with pioglitazone as outpatients for 12 weeks, during the two 48-h investigation periods and between the two investigations. After the last examination in randomization block 2, pioglitazone was discontinued and the patients initiated their normal oral antidiabetic treatment for 9 weeks. Then the normal oral antidiabetic medication was discontinued, and the patients went without medication for 3 weeks (see block 1). The patients randomized to start with block 1 had their oral antidiabetic medication discontinued for 3 weeks, and during this time they were outpatients. Then they went through the two investigations in block 1. After the last examination, pioglitazone (30 mg Actos, once daily) was initiated for 12 weeks and they went through randomization block 2 as described above. Thus, all patients went through randomization blocks 1 and 2. The observation time in the hospital included four periods of 48 h: 48 h of saline, 48 h of monotherapy with GLP-1, 48 h of monotherapy with pioglitazone, and 48 h of combination therapy with GLP-1 and pioglitazone.
munoassay using antibody code no. 4,305 (15) . Total GLP-1 was measured by radioimmunoassay using antiserum code no. 89390, which is highly specific for the COOH-terminus of GLP-1 and, therefore, measures the sum of GLP-1 (7-36) amide and its metabolite GLP-1 (9-36) amide (16) . For glucagon and GLP-1 analysis, plasma was extracted with ethanol (final concentration 70% vol/vol) before analysis. Detection limits and intra-assay coefficients of variation for the assays used are 1 pmol/l and Ͻ6% for both assays, respectively.
Insulin and C-peptide concentrations were measured using the autoDELFIA immunoassay (Wallac Oy, Turku, Finland). The detection limits of the assays are Ͻ5 pmol/l for insulin and Ͻ50 pmol/l for Cpeptide. Intra-and interassay coefficients of variation are 4 -5% at 39 -700 pmol/l for insulin and 5-6% at 355-3,700 pmol/l for C-peptide. The cross-reactivity with intact proinsulin was 0.1%, 0.4% with 32-33 split proinsulin, and 66% with Des 64-65 split proinsulin in the insulin assay. In the C-peptide assay, crossreactivity was 51% with intact proinsulin, 35% with 32-33 split proinsulin, and 92% with Des 64-65 split proinsulin.
HbA 1c was measured by an ionexchange high-performance liquid chromatography (at Steno Diabetes Hospital, Gentofte, Denmark) with an interassay coefficient of variation of 0.15% in the range of 4.7-11.3%.
FFAs were measured by an enzymatic colorimetric method (Wako, Richmond, VA). The intra-assay coefficient of variation was 2%, and the interassay coefficient of variation was 6%.
Statistical analysis and calculations
All data are normally distributed and analyzed by parametric tests. Data are presented as means Ϯ SE. The differences between the four different treatment regimens were evaluated using one-way ANOVA for repeated measurements. If a significant difference between all of the four groups was found, the following tests were carried out. One-way ANOVA for repeated measurements was carried out for evaluation of the difference between saline and monotherapy with either agent (excluding combination therapy). If a significant difference was obtained, the analysis was followed by the Tukey post hoc test for multiple comparisons for evaluation of the differences between the individual groups. To test for an additive effect, the differences between monotherapy with GLP-1 and pioglitazone and combination therapy (excluding saline) were evaluated by one-way ANOVA for repeated measurements. If a significant difference was obtained, the analysis was followed by Tukey's post hoc test for multiple comparisons for testing significance between the individual groups. Statistical significance was set at P Ͻ 0.05. Areas under the curve (AUCs) were calculated using the trapezoidal rule.
RESULTS -Plasma levels of GLP-1 increased on days when GLP-1 was infused. Thus, plasma levels of total GLP-1 increased from 20.8 Ϯ 3.2 pmol/l (saline) and 24.1 Ϯ 3.9 (pioglitazone) to 182.5 Ϯ 21.6 (GLP-1) and 194.8 Ϯ 19.5 (combination) (P Ͻ 0.001).
Fasting plasma glucose decreased from 13.5 Ϯ 1.2 mmol/l (saline) to 11.7 Ϯ 1.2 (GLP-1) and 11.5 Ϯ 1.2 (pioglitazone) and further decreased to 9.9 Ϯ 1.0 (combination) (P ϭ 0.0004). By the Tukey post hoc test, fasting plasma glucose levels during pioglitazone therapy were significantly different from that while on saline (P ϭ 0.033), and fasting plasma glucose levels were lower on combination therapy compared with monotherapy with either agent (P ϭ 0.016).
Twenty-four-hour mean plasma glucose levels were reduced from 13.7 Ϯ 1.1 mmol/l (saline) to 10.6 Ϯ 1.0 (GLP-1) and 12.0 Ϯ 1.2 (pioglitazone) and were further reduced to 9.5 Ϯ 0.8 (combination) (P Ͻ 0.0001). By the Tukey post hoc test, plasma glucose levels were significantly lower on monotherapy with either agent compared with saline (P Ͻ 0.0001) and significantly lower on combination therapy compared with monotherapy with either agent (P Ͻ 0.0001). However, plasma glucose levels were also significantly lower while on monotherapy with GLP-1 compared with monotherapy with pioglitazone (P Ͻ 0.05). Glucose data are shown in Fig. 2 Mean levels of insulin were 117 Ϯ 27 (saline), 142 Ϯ 35 (GLP-1), 94 Ϯ 17 (pioglitazone), and 99 Ϯ 18 (combination) pmol/l (P ϭ 0.002). By the Tukey post hoc test, mean insulin levels were significantly higher on monotherapy with GLP-1 compared with monotherapy with pioglitazone (P ϭ 0.016). Insulin levels on combination therapy were not significantly different from insulin levels on monotherapy with either agent. zone. Fasting C-peptide levels on combination therapy were not significantly different from monotherapy with either agent (P ϭ 0.08).
Mean levels of C-peptide were 1,513 Ϯ 269 (saline), 1,805 Ϯ 318 (GLP-1), 1,309 Ϯ 203 (pioglitazone), and 1,484 Ϯ 196 (combination) pmol/l (P ϭ 0.001). By the Tukey post hoc test, Cpeptide levels on monotherapy with GLP-1 were significantly higher than Cpeptide levels on monotherapy with pioglitazone and saline. C-peptide levels on combination therapy were not different from C-peptide levels on monotherapy with GLP-1 and pioglitazone (P Ͼ 0.05).
Fasting glucagon levels were unaffected by any treatment ( Mean levels of glucagon were reduced from 14.1 Ϯ 1.2 pmol/l (saline) and 14.4 Ϯ 1.6 (pioglitazone) to 11.4 Ϯ 1.2 (GLP-1) and 10.1 Ϯ 0.8 (combination) (P ϭ 0.001). By the Tukey post hoc test, glucagon levels were significantly lower on monotherapy with GLP-1 compared with saline and monotherapy with pioglitazone (P ϭ 0.01). Glucagon levels were lower on combination therapy compared with monotherapy with pioglitazone (P ϭ 0.013), but were not different from monotherapy with GLP-1 (P Ͼ 0.05). Data are shown in Fig. 3 . 
; P ϭ 0.03). By Tukey's post hoc test, no significant differences between saline and monotherapy with either agent were obtained, but FFAs were reduced on combination therapy compared with monotherapy with GLP-1 (P ϭ 0.04) and with saline (P ϭ 0.03).
Sensation of appetite for the four parameters (hunger, satiety, fullness, and prospective food intake) was significantly reduced on GLP-1 infusions. Data for sensation of hunger and fullness are shown below. Sensation of hunger decreased from 40 Ϯ 4 mm (saline) and 36 Ϯ 4 (pioglitazone) to 28 Ϯ 5 (GLP-1) and 28 Ϯ 6 (combination) (P ϭ 0.0096). By Tukey's post hoc test, sensation of hunger was significantly lower on monotherapy with GLP-1 and combination therapy compared with saline (P ϭ 0.0008). The decrease in hunger on combination therapy compared with monotherapy with pioglitazone was not significant (P ϭ 0.08).
Sensation of fullness increased from 49 Ϯ 3 mm (saline) and 55 Ϯ 3 (pioglitazone) to 60 Ϯ 3 (GLP-1) and 65 Ϯ 5 (combination) (P ϭ 0.0006). By the Tukey post hoc test, sensation of fullness increased significantly on monotherapy with GLP-1 compared with saline and monotherapy with pioglitazone (P ϭ 0.0005). Sensation of fullness increased significantly on combination therapy compared with monotherapy with pioglitazone (P ϭ 0.02).
There were no differences between the groups with respect to registrations of nausea and sensation of well-being.
CONCLUSIONS -Several studies (2-4,17) have shown that GLP-1 effectively reduces plasma glucose levels in patients with type 2 diabetes, and therefore it seems suitable as a new agent for treatment of the disease. Due to the progressive nature of the disease, many patients may require combination therapy to reach acceptable glycemic control (13) . Thus, to evaluate the potential of GLP-1 as a new agent for the treatment of type 2 diabetes, it is important to investigate the effect of combination therapy with GLP-1 and other antidiabetic agents. We have previously found (18) that combination therapy with GLP-1 and metformin resulted in an additive effect on plasma glucose levels in type 2 diabetic patients. In the present study, we found that monotherapy with both GLP-1 and pioglitazone improved glycemic control in patients with type 2 diabetes, reducing 24-h mean plasma glucose levels by 3.1 and 1.7 mmol/l, respectively, whereas the combination of both agents resulted in significantly lower plasma glucose levels compared with the glucose levels of either of the two monotherapy regimens.
GLP-1 stimulates insulin secretion by binding to GLP-1 receptors on the ␤-cell. Furthermore, insulin gene expression and de novo insulin synthesis are stimulated (5) . Pioglitazone, on the other hand, improves insulin sensitivity (12, 19, 20) . In line with this, insulin and C-peptide levels were higher on GLP-1 therapy compared with pioglitazone. As expected, insulin levels were unaltered on combination therapy because the two therapeutic agents have opposite actions. Glucagon secretion is exaggerated in patients with type 2 diabetes (21), contributing to increased gluconeogenesis and hyperglycemia, and GLP-1 has been shown (2) to reduce glucagon levels in these subjects. In the present study, glucagon levels were lower on monotherapy with GLP-1 compared with saline and monotherapy with pioglitazone, and the effect was maintained on combination therapy. Thus, GLP-1 probably contributes to the additive glu- cose-lowering effect of combination therapy by lowering levels of glucagon.
GLP-1 has been shown (2,4) to reduce levels of FFAs, most likely due to increased insulin secretion and action, while treatment with thiazolidinediones enhances the insulin sensitivity of the peripheral adipocytes (20) , which also results in lower FFA concentrations. High levels of FFAs may cause deteriorating ␤-cell function (22) and induce insulin resistance (23) . Though neither monotherapy with GLP-1 nor pioglitazone reduced FFAs in the present study, FFA concentrations were reduced during combination therapy, indicating a beneficial additive effect of GLP-1 and pioglitazone on FFAs.
GLP-1 reduces appetite and food intake in humans (8, 9) . In animal studies, GLP-1 is associated with a reduction in body weight (24) , and a tendency toward a weight loss has also been shown in humans (4). Because weight gain leads to deterioration of glycemic control and weight loss improves glycemic control, weight loss is desirable in patients with type 2 diabetes. In the present study, appetite scores were reduced during GLP-1 therapy and maintained on combination therapy, and it is likely this will ultimately result in weight loss.
In summary, combination therapy with GLP-1 and pioglitazone had an additive effect on plasma glucose levels in patients with type 2 diabetes. GLP-1 reduced the levels of glucagon, and this effect was maintained during combination therapy, possibly contributing to the additive effect on plasma glucose levels. Furthermore, the levels of FFAs were reduced while on combination therapy. GLP-1 reduced the sensation of appetite, and this effect was maintained on combination therapy, a finding that may have clinical implications after long-term treatment.
